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The problem of reduction of nickel from ammoniacal solutions 
has been examined both theoretically and experimentally.
In the course of the experimental work with a rotating disc 
(Ni, and oxidized Ti) it was found that the precipitation 
reaction gives a linear relationship between total nickel in 
solution and time. An apparent activation energy for the 
reaction of 8 Kcal-mol  ̂was calculated. It appears that 
adsorption of hydrogen onto the catalytic surface saturates 
the active sites present. Rotational speed had little or no 
effect on the reaction. The value of the activation energy 
as well as the absence of any effect of rotational speed 
suggests a chemical control reaction. Both the surface 
treatment and temperature have important effects on the 
reaction rate. The theoretical work was focused on the deter­
mination of the species stabilities at high temperatures by 
using room temperature data and extrapolated to high tempera­
tures according to the Correspondence Principle of Criss 
cuid Cobble. Also, a mathematical simulation of hydrogen 
reduction was carried out both at room and high temperature. 
The pH prediction by this simulation did not quite agree 
with the room temperature measurements during the course 
of the experiment. However, they exhibit the same trends 
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The extractive metallurgy of nickel is fairly complex and 
costly, although rapid changes have been occurring in the 
last two decades. The most important sources of the metal 
are the mixed sulphide ores containing pentlandite (Fe,
Ni)gSg, nickel bearing pyrrhotite, Fe^S^ to and
nickel bearing chalcopyrite, CuFeS2 . An increasingly 
important source of the metal is the oxide ores, the most 
important being the hydrous magnesium silicate, garnierite,
H^(Mg,Ni)Si 20g to nickel bearing iron oxide (laterite).
The silicate ores are largely treated by a matte smelting 
(1 2 )process '  ̂. The ore is fused with calcium carbonate, calcium 
sulphate and coke to yield a nickel-iron sulphide concentrate 
which is further refined by smelting to eliminate the iron in 
a siliceous slag, and yield ultimately fairly pure nickel metal.
Oxide, or lateritic ores can be reduced in a multiple-hearth
furnace and then selectively leached with ammonia-carbon dioxide 
(1 2 )solution ' . The ammonia is recovered efficiently for reuse
1
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by steaming the solution which results from leaching, while the 
nickel is simultaneously precipitated as basic carbonate. This 
is later calcined to nickel oxide for further processing to 
nickel metal.
The nickel-bearing sulphide ores are first ground and carried 
through a series of flotation and magnetic separation giving 
three different concentrates; nickel-bearing iron sulphide, ? 
copper-bearing nickel sulphide is desulphurized in a fluid-bed 
roaster, reduced with carbon monoxide and hydrogen in a rotary 
kiln and then leached with ammonia-carbon dioxide solution to 
remove the nickel. The nickel is recovered as a basic carbonate 
when the final solution is treated with steam.
The copper-bearing nickel sulphide is partially desulphurized
in multiple-hearth roasters, melted and cooled under specially
controlled conditions which allow subsequent magnetic and
flotation separation into three concentrates; nickel sulphide,
copper sulphide and precious metals. The nickel sulphide is
(1 2 )sintered for further refining, either electrolytically ' , by
f 1 2 )the carbonyl ' process, or by the newly reported process of 
Republic Steel^^).
Nowadays the trend in the recovery of nickel from ores is 
based on a selective leaching of either nickel copper matte 
or nickel-bearing ores in acid or ammonia under elevated
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temperatures and pressures. The nickel in the resulting salt 
solution is recovered directly by treatment with hydrogen 
gas at elevated temperatures and pressures.
In the last two decades, extensive studies on the hydrogen
reduction of metals have been carried out. The thermodynamics
of hydrogen reduction from the electrochemical^ and physio-
chemical points of view have been widely treated on
theoretical grounds. As far as practical operations are
concerned, very few problems are encountered by companies which
(7 8 )employ the hydrogen reduction of metals ' .
However, the kinetics of the process has always been bypassed 
or treated very lightly, perhaps that is because it is 
heterogeneous and involves highly specific factors, such as 
adsorption, surface area, and mass transfer, which cannot be 
generalized.
1.1 Scope of the Problem
The initial objective of the kinetic study of any reaction 
should be to determine which step, or steps, is, or are, rate 
controlling, under a given set of conditions. The physical 
variables which may then be manipulated in order to effectively 
increase the rate, will depend on the nature of the rate con­
trolling step. For example, increased agitation is effective 
in increasing the rate when the rate of external mass transfer
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is controlling. An increase in temperature will bring about 
an increase in rate, irrespective of which is the controlling 
mechanism.
The simplest case will be considered, and is one in which the 
reaction takes place on a smooth, clean surface. The rate con­
trolling step is then either a surface process, or a chemical 
process, or the mass transfer to, or from, the bulk of the 
solution, or a combination of these.
The plane rotating disc, which will be used in the experiments, 
is the only geometry which definitely gives a uniformly 
accessible surface area and a hydrodynamically defined flow 
pattern. Also, results obtained with a rotating disc may 
be easily reproduced, and can be readily compared by different 
investigators.
1.2 Scope of this Study
In order to make this investigation meaningful, it is believed 
that, the introduction of seed powders to provide a catalytic 
surface would only serve to add an additional complexity to 
the problem since the hydrodynamic behavior of such systems 
are difficult to analyze.
As mentioned previously, the rotating disc, will provide an 
equally accessible area for the reactants in solutions as
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well as known hydrodynamics. By this means it will be 
possible to both qualitatively and quantitatively analyze 
the kinetics of the system.
1.3 Aim of this Study
The aim of this study is to obtain a better understanding of: 
a) the mechanism and kinetics of the hydrogen reduction of 
nickel solutions, and b) the effects of various parameters on 
the reaction rates.
Theoretical aspects of the work will include:
1) Prediction of the ammine distribution at high 
temperatures.
2) Construction of E-pH diagram for the system 
Ni-HgO-NHg at high temperatures.
3) Theoretical prediction of solution behavior 
during hydrogen reduction.
Experiments will be designed to study the following:
+ * 1-1) Effect of initial Ni concentration.
2) Effect of temperature.
3) Effect of hydrogen pressure.




In the review presented here the historical development 
of the use of hydrogen gas for the precipitation of metals 
from solution is first introduced. Recent works in this 
area are presented next, with the emphasis being confined 
to nickel. In many of the studies which have been presented, 
apart from covering the industrial practice associated with 
the process of hydrogen reduction of metals, both kinetics 
as well as chemical/electrochemical thermodynamics are covered 
by the various authors. By and large, the kinetic study of 
the ammoniacal systems have been rather superficial, due 
largely to the complexity of these systems.
2.1 Early Works
Precipitation by reducing a met^l salt solution with hydrogen
has been known for more than one hundred years. As early as 
f g \1859, Beketoff at the Sorbonne had reduced silver salts to 
metal in this way.
Ipatiews^^^) was the one, who perhaps made the major contribution 
to the development of the process by recovering metals such as
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platinum, iridium, copper and nickel , from cobaltous and 
cobaltic ammoniacal chloride and sulphate solutions with 
hydrogen. The reactions were carried out in sealed unagitated 
tubes and the metallic products, when formed, were contaminated 
with stable oxides and basic salts which precipitated at the 
high temperatures used before the hydrogen could diffuse into 
solution and effect reduction. Although the products from 
this work were too impure to warrant further development, the 
demonstration of the feasibility of using hydrogen under pressure 
to achieve reduction must be considered as the corner stone of 
the development of the hydrogen reduction process.
f 11)In 1926, Muller, Schlecht, and Schubardt obtained a patent 
in the United States on a process of selective metal reduction 
from ammoniacal solution. Their method allegedly permits 
separation of silver, copper, nickel, cobalt, and zinc from 
ammoniacal solution by applying progressively higher temperatures 
and hydrogen pressures. Metals produced by this technique were 
not pure, since no attempt was made to remove the precipitated 
metal between different reductions. Furthermore, it is doubtful 
that the zinc product contained’ any metallic zinc since it may 
be calculated that the pressure and temperature needed to reduce 
zinc far exceed that used in these experiments.
In the U.S.S.R., the pioneer work of Ipatiews was continued 
over the period of 1930-1948 by Tronev and his c o - w o r k e r s ,
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primarily in the hydrogenation of aqueous salts of the precious 
metals and the precipitation of silver, gold, platinum, etc.
The work on the reduction of nickel, cobalt and copper ammines, 
led to the erroneous conclusion that nickel and cobalt could 
not be separated, by preferential reduction. Excessive 
hydrolysis, and the use of unbuffered solutions, could account 
for the lack of selectivity in the reduction.
2.2 Recent Advances
In the mid 1950's, a further important advancement was the 
combination of a process in which nickel could be dissolved 
from its sulphides ores, using ammonia and oxygen, with another 
in which precipitation of nickel from the solution with hydrogen 
gas at an elevated temperature and moderate pressure, was 
accomplished economically. The first stage of this process, 
discovered by F. F o r w a r d , consists of an ammonia leach
2of sulphide concentrated conducted at 83°C with air at 100 lb/in
in which the sulphides are oxidized and the non-ferrous metals
2+are complexed by ammonia to give ammine ions such as Me(NH^)^ ,
where n can vary from 1 to 6 .
The second stage was carried out successfully by Schaufelberger 
(15)and Roy who were able to precipitate nickel from NiSO^
solutions. This work provided confirmation of the overall 
equilibrium reaction ;
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^=9 Ni® + 2H"̂  2.1
which indicates that when precipitation is carried out at 
constant hydrogen pressure and constant temperature, then 
there are a series of equilibria such that there is a linear 
relationship between log [Ni^^j^g and the pH of the solution, 
and the slope of this straight line equals -2 .
It can also be seen from the above equation that the yield of the 
reaction will be increased (more metal will be deposited) at 
equilibrium if the hydrogen ions are removed as soon as they are 
formed (maintaining the pH constant). This was achieved by 
S c h a u f e l b e r g e r b y  adding sulphate ions to the solution to 
form bisulphate, according to the following reaction:
H"*" + S 0 ^ =  HSO^” 2.2
The addition of ammonium sulphate (112g/l) to the solution of 
nickel sulphate (0.2M Ni) increased the equilibrium yield from 
10% to 50%. These experiments were conducted in acid solutions 
in which the minimum (final) pH was 2.75. He also studied 
the effect of different additives to nickel sulphate. High 
reductions were only obtained by mixing the nickel sulphate with 
ammonium acetate (100% reduction, final pH 4.1), and with a 
mixture of ammonia, ammonium sulphate (98% reduction, final 
pH 9.8). The conditions used were Ni=0.2M, 200®C, and 1000 psi 
of H2 pressure. However, no indication was given as to th? 
relative amounts of these components used.
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Courtney and S c h a u f e l b e r g e r a l s o  obtained nickel metal by 
using hydrogen to reduce nickel ammines dissolved in sulphate 
solutions. However, difficulties were encountered in initiating 
the new phase, and unless powdered seed material was introduced, 
the metal was deposited on the walls of the reaction vessel.
They reported that the rate of disappearance of nickel, from 
an aqueous NiSO^-NH^-(NH^)2S0  ̂ solution containing nickel powder 
(lOOg/1), was constant for 80% of the reduction and that the 
reduction rates tended to decrease as the nickel ions (total 
nickel) concentration decreased below 0.03 molar. The condi­
tions were 0.138 M NiSO^, 0.41 M NH^, 0.95 M (^^4)2804, 
lOOg/1 of nickel powder and 150°C. They also reported that the 
values of the rate constant were independent of the agitation 
parameters and indicated that the rate controlling reaction in 
reduction was probably at the surface of the growing nickel 
particles. They also pointed out that by visual inspection 
(the autoclave had a glass inspection port) the blue solution 
turned green at about 150®C, indicating that few nickel ions 
were present as the tetra-ammine or higher ammines complexes.
The works of F o r w a r d a n d .  S c h a u f e l b e r g e r w e r e
( 18 )studied closely by Mackiw and co-workers who worked out
the chemistry of the reductions from ammoniacal solutions in 
detail, and made these reactions the basis of Sherritt Gordon's 
nickel and cobalt program. In their paper, a detailed exami­
nation of the reaction by which nickel can be precipitated from
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aqueous ammoniacal sulphate solutions by hydrogen at elevated 
pressures and temperatures is thoroughly reviewed. They pro­
posed a mechanism to account for the catalytic effect of 
ferrous salt additions, and the effect of variables on the 
autocatalytic nature of the reduction are described. They
( 5 )also mentioned (and this has been adopted since by workers ,
as well as review a u t h o r s t h a t  the reaction was independent
of the nickel concentration in solution, and proportional to
the H2 partial pressure to approximately the first order (0.9),
and to have an apparent energy of activation of between 5 and
15 Kcal. Perhaps the most important contribution of Mackiw 
/18 )and co-workers was the optimal ratio of ammonia to nickel 
concentration, which they found experimentally to be 2. This 
value was later confirmed by Meddings and M a c k i w .
( 18 )Another important point found by Mackiw and co-workers was
that the activation energy in the temperature range of 150® - 
175®C was 13.7 Kcal-mol and in the temperature range of 
175-200®C it was 5.7 Kcal-mol Their plot of log k vs 1/T 
gives a curve rather than a straight line and a satisfactory 
explanation is not really presented. He only mentions that 
the rate of formation of nuclei is probably not temperature 
sensitive. However, it appears that from a kinetics point 
of view that at low temperatures the reduction is chemically 
controlled, and at high temperatures it is diffusion controlled.
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Wimber and W a d s w o r t h r e p o r t e d  similar results for cobalt 
precipitation and obtained results indicating catalysis of 
the reduction reaction by stainless steel and pyrex glass.
In 1964, Meddings and M a c k i w r e p o r t e d  the importance of 
additives, stressing the importance of reducing solutions 
which contained pre-existing nickel nuclei and nuclei other 
than nickel. They again reported that they found the reaction 
to be a zero order reaction up to 85% of the reduction, but 
without explaining any reaction mechanism. Also, they re­
calculated the apparent activation energy and reported a 
value of 10.2 Kcal-mol Perhaps the major contribution
of the paper is the study of the effects of nuclei other than 
nickel and additives (anthraquinone). The surprising result 
of the use of anthraquinone is that without changing the apparent 
activation energy (10.2 Kcal-mol the rate of reduction could 
be increased by a factor of twenty. The explanation for this 
increase is due to the fact that the anthraquinone increases 
the number of reaction sites i.e., "active centers" where the 
hydrogen molecules can be adsorbed. They also postulate that 
the change in the order of the reaction after 85% of the re­
duction has been accomplished, is due to the fact that the 
nickel ions (or nickel ammines) are more strongly adsorbed than 
the hydrogen on the surface of the seed.
In 1966, W. Kunda, D.J.I. Evans, and V.N. M a c k i w s t u d i e d  
extensiv y the effects of additives on the hydrogen reduction
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of nickel from its aqueous ammine-ammonium carbonate solutions.
They found that besides the effects of anthraquinone, which 
were mentioned previously, polyacrylamines of high molecular 
weight (flocculating agents) produce loose, fluffy nickel 
powders. Wetting agents, such as sulphonated fatty acids and 
alkyl-aryl sulphonates, promote agglomeration. These are, in 
general, a few of the most important properties. Also, it is 
worthwhile mentioning that in this system (nickel carbonate) 
there is no need for ferrous sulphate catalyst, and the nickel 
powder produced has a lower sulphur and iron content than the 
powder produced from ammonium sulphate systems.
In 1968, D.J.I. Evans, in his review paper. Production of 
Metals by Gaseous Reduction from Solution, made a good general 
compilation of all those independent papers dealing in the subject, 
without adding anything new.
In his brief review of precipitation of metal from solutions
(2 2 )by gases, F. Habashi , has an extensive list of bibliography 
of authors that have dealt with the subject in reference. Among 
these references appear several papers published by Russian 
researchers, which he does not actually review, but merely lists 
them in his bibliography.
Aside from early works mentioned previously, G.N. Dobrokhotov
(23)and G.N. Onuchkina , in 1962 published what might be con-
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sidered one of the few serious and thorough investigations 
which deals with the kinetics of hydrogen reduction of nickel 
sulphate-ammonium system. This work has been very helpful 
to the investigation presented in this thesis. In their paper, 
they present the usual steps associated with heterogeneous 
reactions in solutions to show that the kinetics of hydrogen 
reduction is carried out in four different steps:
1) Solution of hydrogen gas in the solution, which 
is a fast reaction.
2) Adsorption of the hydrogen in solution onto the 
nickel metal, which is also fast.
3) Reaction of the hydrogen adsorbed with nickel ions, 
which is the controlling step (slow).
4) Discharge {d^^^a6Zon) of the reaction products into 
the total mass of the solution which is also fast.
If these four steps are put in the form of chemical equations, 
we obtain;
1) H2(g) H2(soln.) 2.3
2) H2 (soln) ^^(Ni) 2.4
3) + Ni++ ̂  Ni' + 2.5
4) 2H'*' + 2NH, 2NĤ '"' 2.6
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The paper stated that the reaction is either governed by the 
rate of the chemical reaction, or by the diffusion of hydrogen 
into solution. Also, it was pointed out that the agitation of 
the system has a very striking character in relation to the 
activation energy. For vigorous mixing (Reynolds no, > 18,000), 
the reduction has a "strict kinetic character" (activation energy 
of 17,7 Kcal-mol ^), and when the mixing rate is slowed, the 
reaction becomes diffusion controlled (activation energy of 
4 Kcal-mol , Dobrokhotov also gives a relationship for 
depletion of nickel with time which indicates an apparent first 
order reaction with respect to total nickel and a half order 
reaction with respect to hydrogen partial pressure. Furthermore, 
he mentions that the whole reduction is in fact controlled by 
the diammine reduction according to :
Ni° + 2 2.7
The work done on hydrogen reduction of nickel under acid 
conditions should also be mentioned, even though the corrosive 
conditions encountered are severe enough so that in commercial 
practice alkaline conditions are always preferred when using 
stainless steel equipment. As mentioned previously,
Schaufelberger and Roy^^^^ obtained precipitated nickel at a 
pH of 2,75,
Recently, S,C, Sircar, and D,R, W i l e s d e v i s e d  a way of 
avoiding corrosive conditions by using the anion of a weak
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acid. Their system consisted of a nickel ion solution in an 
ammonium acetate solution. The pH was buffered between
3.5 and 4.25. They report that the rate of the reaction was 
of the first order with respect to both nickel concentration and 
surface area, independent of the agitation and proportional to 
the square root of hydrogen pressure up to 15 atm. Above this 
pressure the rate fails to increase proportionately.
(25 )The later work by Sato , using the same solutions as Sicar, 
considered kinetic and electrochemical studies of the system.
He found that the reaction was proportional to both the surface 
area, and to the square root of the hydrogen partial pressure 
(as mentioned by Sicar) but without any restriction as far 
as pressure was concerned (maximum pressure - 25 atm.). The 
reaction rate was also dependent on the nickel concentration, 
and was found to be of one-half order. The effect of temperature 
as given by the Arrhenius plot of the reaction indicated an 
activation energy of 28.8 Kcal-mol
Pourbaix diagrams for the system Ni-H2Û-NH2-H2SO^ at various 
activities of NĤ '*’ + NH^ were constructed by Letowski and 
Niemiec^^^^. They found that at 25*C and pH values less than 
7, the ammonium nickel sulphate Ni(NH^)2 (SO^)2 •6H2O precipitates 
as a solid phase at high activities of the reactants.
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(27)Malmstrons extrapolated the values of Letowski and Niemic
at 150®C. He found that at this temperature, the solubility of 
sulphates as well as metal ammonium sulphates are not exceeded 
even at 1 molar solution of nickel. The only effect was that 
the equilibrium lines of nickel, nickel hydroxide, and the 
nickel amines are shifted toward lower pH values. Even at 
concentrations of NĤ '*’ + NH^ of 10 molar, there is a stable 




The present chapter deals with both thermodynamic and kinetic 
considerations appropriate to the investigation undertaken. 
Ionic equilibria at high temperature has been extrapolated for 
the Ni-HgO-NHg system using the Correspondence Principle of 
Criss and C o b b l e S t a b i l i t y  diagrams for nickel ions 
and nickel ammines as well as Pourbaix diagrams were thereby 
constructed. Finally, the usual kinetic aspects of both 
mass-transfer in rotating disc systems as well as heterogeneous 
chemical kinetics is presented.
3.1 Metal-Hydrogen Electrode Potentials
If metals are to be precipitated by hydrogen from aqueous 
solutions of their ions, the thermodynamic factors must 
obviously be favorable. Any assessment of how successfully 
metals can be produced in this way must therefore involve 
considerations of the free energy changes associated with the 
various possible reactions. In dealing with aqueous systems, 
however, it has become customary to express the thermodynamics 
of the possible reactions in terms of reversible electrode
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potentials, instead of free energies. The principles involved 
are exactly the same, but since the relevant data are normally 
tabulated in terms of electrode potentials instead, these will 
be used in the following discussion of hydrogen and metals in 
aqueous solution.
In general, the reduction of metal ions by hydrogen in 
solution can be written as ;
Me*+ + j ^2 Me + nH"*" 3.1
Now this reaction can be viewed as two half-cell reactions, 
each with their own potential:
Me^^ + ne Me Potential = E.. 3.2Me
H"*" + e" Potential = E^ 3.3
If E^^ exceeds E^ , then the metal will liberate hydrogen
from water and pass into solution. However if E„ exceeds
^2
^Me' reverse reaction (Eq. 3.2) will occur and metal Me
will be precipitated from solution. The potentials denoted 
by and E^ are single electrode potentials and are defined
in the usual electrochemical nomenclature by:
„ = E° ^ - 2-303 log ^
Ph2 3.4
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Bearing in mind that the activity of hydrogen gas is the
fugacity of hydrogen, and that at moderate pressures the
error involved in using partial pressure instead of fugacity
is negligible (at 100 atm. partial pressure, the fugacity
is 106.1 atm., which introduces an error of about 1% in the
log term^^)). On the other hand, by definition of pH as
log r-i—  , and since the standard electrode potential of 
*H+
hydrogen, E*_+ n^ is defined as zero, equation 3.4 is reducedn , 35 fig
to:
^ "0-0591 pH - 0.0295 log p^ 3.5
where p is the partial pressure of hydrogen expressed in 
*2
atmospheres.




a = [Me^^] • Y 3.7
where y is the activity coefficient of the ion and [Me^ ] is 
the analytical concentration. Then Equation 3.6 becomes:
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V * , „ .  ■ ■ ‘°’ *
log y 3.8
In our specific case, the metal to be reduced is nickel; in 
order to represent these potentials graphically as a function 
of concentration of the metal in solution and pH, data has 
been taken from L a t i m e r ^^0), The data obtained was mean 
activity coefficients of nickel sulphate and the standard 
potential (25®C) for Ni^^/Ni, and H^/H which are shown below:
Table 3.1: Potentials of Ni and hydrogen at 25°C.
Species in Equilibrium E® (volt)
Ni++/Ni. -0.250
H^/H 0
++Table 3.2: Mean activity coefficient of Ni in NiSO^ solution.
Molality: 0.001 0.005 0.05 0.10 0.30 0.5
Activity
Coefficients: ----- ----- ———— 0.150 0.084 0.063 0.043
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With the potential and mean activity coefficients, we can 
now plot graphically potentials as functions of concentration 
and pH, as can be seen in Figure 3.1.
It should be emphasized that the point at which the hydrogen 
line crosses the line referring to a metal ion, is unique 
only to the concentration of the metal ion at that point, 
since the pH and the metal ion concentration scales are 
independent. The most important factor in interpreting the 
relative positions of the line for hydrogen and those for the 
metal ion is the pH of the solution. Reduction will become 
more favorable at high pH values. In basic solutions, the 
pH term in Equation 3.5 will produce a larger negative value 
of E for this half cell reaction, thus with decreasing hydrogen 
ion concentration, the reduction potential of the ion becomes 
more positive and the reducing power increases.
From Figure 3.1 it can be seen that either an increase in
,7
pH of about one unit or about a hundred fold increases in 
hydrogen pressure produce about the same increase in the 
expected hydrogen reduction potential. Therefore, the use of 
excessive pressure is rarely justified, although in some 











3.2 Effect of Complex Formations at Room Temperature
It can be seen from Figure 3.1 that the'Üriving force"for the 
reduction increases as the pH increases, and on this basis the 
condition for reduction become more favorable as the solutions 
become more alkaline. However, above pH7 the hydrolysis 
of transition metal cations becomes important, and in order 
to prevent precipitation from solution, it is necessary to 
complex these ions.
For nickel, the simplest method of both raising the pH and 
complexing the metal ions is the addition of ammonia, which 
causes the formation of the metal ammines.
The addition of ammonia to a solution containing nickel ions, 
results in the sequential formation of ammines as follows:
Ni++ + NH3 Ni (NH3)■’"'■ 3.9
NiCNHg)^* + NH3 NifNHg)^^ 3.10
NifNHg)^* + NH3 Ni(NH3)3+ 3.11
Ni(NH3)3+ + NH3 Ni(NH3)++ 3.12
Ni<NH3)++ + NH3 Ni(NH3)3+ 3.13
Ni(NH3)3+ ^^3 '5==̂  Ni (NH3) g'*’ 3.14
The standard free energies, enthalpies and entropies of the
various nickel ammine complexes are given in Table 3.3.
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 ̂ Table 3.3: Thermodynamic data for the formation of nickel
complex at 25°C. (Reference 31)
n 1 2 3 4 5 6
AG® -3860.9 -3108.9 -2418.1 -1679.9 -1079.7 -97.55
AH® -4010 -3580 -4500 -3120 -2970 -4400
AS® -.5 -1.58 -6.98 -4.83 -6.34 —  14.43
log K 2.84 2.29 1.78 1.24 0.79 0.072
For each of these step equilibria, there is a corresponding 
equilibrium constant given by: ,  ̂^
a  /x, , -  ' ■ i-i
> . K .  X  3.1,
*[Ni++] ^ NH3
These equliibrium constants have been calculated by various 
authors ( B j e r r u m , Y a t s i m i s h y , S c h u l z t . In this 
thesis we will take .the latest ones. "Since it is the most 
recent, we will assume that it is the most reliable; in any 
case, the difference between them is only about 2% in log K.
The values of E® for all the complex species can be calculated 
from the equilibrium constants, and with these values we can 
construct a similar diagram—  E vs pH for the ammines represented 
in Figure 3. 1. The standard electrode potentials for the re­
duction of ammines to metallic nickel are given in Table 3.4.
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Table 3.4: Potential and equilibrium constants for nickel
ammines at 25®C.
n 1 2 3 4 5 6
-E*.v .333 .401 .453 .489 .513 .515
log K 2.840 2.278 1.779 1.236 .794 .072
Figure 3.1 makes the following points clear: the nickel ammines
can be reduced to metal from simple ions by hydrogen, only at 
somewhat higher pH values than those for nickel ions, depending 
on hydrogen pressure and the nickel ion and/or ammine concen­
tration.
In the presence of ammonia, the thermodynamic considerations 
change on two points;
1) The ammine complex ions are more stable than 
those of simple metal ions, and therefore, harder 
to reduce with hydrogen at an equivalent pH value.
2) For a ratio of ammonia (added as NH^OH) to nickel of 
2 , the hydrogen reduction process itself generates 
ammonium salts instead of free acid, therefore, 
preventing the decrease of pH associated with simple 
salt reduction.
The last point can be pursued farther by considering the 
stoichiometric equation for reduction of metal ammine complex 
given by the e q u a t i o n s :
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Ni(NH])++ + Hj ?=& Ni» + 2NhJ + (n-2)NH] 3.16
NifNHg)** + Hg Ni” + nNH^ + (2-n)H+ 3.17
Then depending on whether n is greater or less than two (for 
divalents metal ions complex), the solution may either rise 
in pH due to the production of free ammonia, or fall in pH due 
to the production of free acid. This fact was calculated (on 
the basis of hydrogen and nickel potentials) by Meddings and 
Mackiw^^), who found that the largest driving force for 
hydrogen reduction of nickel is near an NH^/Ni ratio of 2.
With the values of the equilibrium constants, a distribution 
diagram for all species present can be constructed. Figure
3.2 shows the distribution as the fraction of each independent 
species for different ammonia-nickel ratios, and where the 
ammonia refers to the total ammonia complexed in the 
system. It should be emphasized that all the remarks pertaining 
to this section cover only room temperature systems.
3.3 Application of Correspondence Principle
Since working temperatures of over 150°C are encountered for 
the hydrogen pressure reduction in commercial practice, it 
was necessary to obtain free energy changes with temperature,

















Figure 3.2. Fraction of nickel present in each form at
different ammonia-to-nickel ratios, 25°C.
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The correspondence principle states that a standard state 
can be chosen at every temperature such that the partial molar 
entropies of one class of ions at that temperature are linearly 
related to the corresponding entropies at some reference 
temperature. The entropy standard state at 25°C is a hydrogen 
ion entropy of -5 cal-mol and the general relationship
can be written as:
S® = ag + bgS®3 (abs.) 3.18
where a^ and bg are temperature dependent constants for each 
class of ions (cations, anions, oxyanions, and acidoxyanions), 
and where:
(abs.) = conventional - 5.0z 3.19
z being the ionic charge.
The average value of the partial molar heat capacity between 
25*C and 6°C is given as:
C o _ CO
^  .. 25 3.20
Ln T/298.2
or
 ̂ 9̂ - 2̂5 (I'O : V .  3.21
Ln T/298.2
where T is the temperature 0 in degrees Kelvin.
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(32)With the above formulae, Criss and Cobble proposed that 
the change in free energy of a reaction at T®K is related 
to the change in free energy at 298°K by the equation:
AG° = AG'gg - (T - 298)AS°gg + (T - 298) Cpggg - 
T Cpjgg Ln T/298 3.22
So that AG® can be calculated from AG^gg/ AS®gg, and the heat 
capacity data.
_ O mThe term Cpggg is an average value of the heat capacity change 
for the reaction between 298°k and T and involves both solid 
and solute species.
Table 3.5 gives the values of a^ and bg for cations at different 
temperatures. In the application of the formulae, it was 
considered as a first approximation that the nickel ammines 
behave like divalent cations.
Table 3.5: Entropy constants at different temperatures










CP25 = A + B ^25 3.23
A — 41.6 
B = -.523
(33)The correspondence principle has been used by Robbins to
calculate E-pH diagrams of various systems. He shows for the 
system HSO^ = SO^ + H the change of free energy for this 
reaction at high temperatures predicted by both the corres­
pondence principle and the Van't Hoff equation and compared 
with experimental data. Very good agreement between the 
correspondence principle and experimental data is obtained. 
However, the values predicted by Van't Hoff equations are 
lower by a maximum of about 4 Kcal-mol  ̂ than the experimental 
value of approximately 10 Kcal-mol
The influence of pressure in the chemical equilibrium was
(33)also taken into consideration by Criss and Cobble in their
correspondence principle, and they conclude that its effect
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can be ignored up to a temperature of 300°C, since the magnitude 
of the errors introduced are within the limits of accuracy of 
the data used in the correspondence principle.
The values of the free energies and equilibrium constants 
respectively by this method are shown in Tables 3.6 and 3.7.
Table 3.6: Free energy of reaction at high temperatures.
NÏ+ + n N H g ^ ^ Ni(NH3)++
AG® Kc.<x.t )
0 25 100 150 200 250 300
n
1 3.86 3.37 2.59 1.46 .02 -1.74
2 6.96 5.92 4.30 2.01 - .9 -4.45
3 9.38 7.04 4.72 1.07 -3.5 -8.97
4 11.04 8.29 ' 4.64 - .29 — 6.4 -13.78
5 12.15 8.48 3.80 -2.50 -10.3 -19.51
6 12.25 7.11 10.74 -6.83 -16.5 -27.88
3.24
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Table 3.7: Equilibrium constants at high temperatures.
n
*Ni(NH.)++
K = — ----------------------------------3.25
*Ni++'*KH3
log K
1 2 3 4 5 6 T®C
2.84 2.29 1.78 1.24 .79 .07 25
1.98 1.49 .87 .52 .11 -.8 100
1.34 .89 .22 .04 -.44 -1.4 150
.68 .25 -.43 -.63 -1.01 -2.02 200
.006 -.39 -1.1 -1.23 -1.6 -2.62 250
—. 660 -1.03 -1.7 -.1.8 -2.19 —  3.2 300
With these new constants an additional set of stability 
diagrams were drawn. From the graphs - Figures 3.3, 3.4,
3.5, 3.6-it is clear that at a NH^/Ni*^^ ratio of 2, as the 
temperature is increased, the first two nickel complexes 
become the most important species. Above 200®C the concen­
tration of nickel ions start increasing until at a temperature 
of 300®C, its abundance for the same NH^/Ni^^ ratio is almost 
three times as much as the amount complexed with ammonia.
This is to be expected because generally with increasing 
temperature, the dissociation of the complex also increases.
Furthermore, making an additional plot for E-pH, the slope for 




























Figure 3.3. Fraction of nickel present in each form at
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Figure 3.5. Fraction of nickel present in each from at




























Figure 3.6. Fraction of nickel present in each form at
different ammonia-to-nickel ratios, 300°C.
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MOLARITY
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Figure 3.7
pH
Relationship between E and pH at hydrogen 
pressures of 1 and ICO atm, and of nickel ions 
and the nickel-ammines Ni(NHg)++, 200°C.
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Figure 3.8. Relationship between E and pH at hydrogen 
pressures of 1 and 100 atm. and of nickel ions 
and the nickel-ammines Ni(NHg)^^, 300*C.
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the temperature, making the reduction more favorable. The 
reduction is then possible at much lower pH. Figures 3.7 and 
3,8 show these plots.
It is worthwhile mentioning that these diagrams were con­
structed assuming activities equal to 1. Similar plots were
constructed by making the corrections for activity coefficients
(33)following Criss and Cobble's correspondence principle, and
making the approximation that activities for the nickel 
ammines were the same as those for copper given by Butler 
The effect of including activity coefficients may be interpreted 
such that the distribution of species obtained at a given 
temperature corresponds to a lower temperature (approximately 
25®C lower) when the activity coefficient is set equal to unity. 
Figure 3.9 shows one such corrected plot.
3.4 Pourbaix Diagrams
For the thermodynamic study of the equilibrium phenomena of 
a metal an aqueous solution, it is convenient to represent 
the various equilibria by a Pourbaix diagram where the abscissa 
represents the pH of the solution and the ordinate the equilibrium 
potential of each of the reactions considered.
Essentially, Pourbaix diagrams are isothermal phase diagrams 
which represent metal-ion-oxide equilibria, in which each of 
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Figure 3.10. Equilibrium diagram for the system Ni-NH^ 
for 25°C, 1 atm. pressure, and activities 








- 1.0 143 107
Figure 3.11.
pH
Equilibrium diagram for the system Ni-H20-NH^ 
for 200°C, 1 atm. pressure, and activities 
for nickel ions and nickel hydroxide: 10 ^M.
T 1591 44
In the present study, a series of such diagrams were drawn 
for different temperatures, for the system Ni-HgO-NH^.
Graphical representations are shown in Figures 3.10 and 3.11.
These diagrams represent a static situation. In practice the 
system is in fact dynamic and the lines representing the 
equilibria for the nickel-ammonia-complexes are no longer 
valid during next instance in time, due to continuously changing 
nickel-ammonia-complexes to nickel-ions ratio and concentration 
of ammonium in solution. In Figures 3.10 and 3.11 the stability 
region of the nickel-ammonia-complexes were drawn fixing the 
ratio and concentration of ammonium equal to 1 and 1 molar 
respectively.
The thermodynamic considerations presented so far is adequate 
in indicating the feasibility of the reduction of nickel solutions, 
but they do not explain the mechanism of most processes used 
commercially. As a simple case in point, it would appear from 
Figure 3.1 that nickel can be reduced from solutions at room 
temperature, using a hydrogen partial pressure of one atmosphere, 
provided the pH is high enough. In practice, reduction is not 
achieved and factors affecting the kinetics must also be taken 
into consideration.
3.5 General Kinetic Considerations
All chemical reactions are divided into two categories: 
homogeneous, which proceed in a bulk phase, and hetero-
T 1591 45
geneous, which proceeds at the surface of separation between 
phases. The rate of a homogeneous reaction is defined as: 
the, amount a paA,ttcuZaA. ^zacttng tn antt votamz
ptK untt ttme. This quantity also represents the change in the 
concentration of the substance in unit time should the reaction 
be taking place at constant volume. The rate of heterogeneous 
reaction is defined as: the amount ô  a paxttcutax 6pectz6
Aeacttng peA, untt tn untt ttme. This quantity is no
longer directly related to the change in concentration of the 
bulk phase. In both cases the reaction rates are functions 
of'the temperature and the concentration of the species partici­
pating in the reaction.
In the system being studied (heterogeneous) two substances 
in solution (hydrogen and nickel ions) react with one another 
at a solid surface, the solid being itself unaltered, the 
overall reaction process may be broken down into the following 
steps :
a) Gas Absorption: In which the gas is absorbed into
the solution to give a dissolved or solution species. Henry's
Law Constant, He, relates the amount of dissolved gas to its 
partial pressure in the gas phase. This constant itself 
depends on the nature of the solvent and the temperature.
b) Transport of Reactants in Solution to the Solid- 
Liquid Interphase: For the reaction to occur, the reacting
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species have to be transported from one phase to the surface 
of the other. The easiest way to accomplish such a transfer 
is by stirring the solution. In this manner the species can be 
convectively transported within the solution, maintaining its 
bulk concentration uniform. In the region close to the surface, 
where the velocity field is such that the solution velocity 
is small and decreases to zero at the solid surface, the 
reactants are transfered to the surface by molecular diffusion 
within the solution.
c) Molecular Diffusion to the Reaction Site: The mass
transfer of reactants across a laminar boundary layer may be 
described using Pick's law of diffusion for the case of a steady 
concentration profile.
ai 3.26
where ^  is the rate- at which the species diffuses (in the
positive direction) through the cross-sectional area A, in a
direction from high concentration to that of low concentration.
The rate is proportional to the concentration gradient in the
dCdirection of diffusion,-^, and to the cross-sectional area A.
D is the diffusion coefficient of the species in the solution 
and is a measure of the quantity diffusing in unit time through 
unit cross-section when the concentration gradient is unity.
T 1591
d) Chemical Reaction: In heterogeneous systems where
the chemical reaction takes place in a surface, three steps 
are occurring successively:
1) Adsorption: Two categories of molecular 
adsorption on surfaces may be distinguished - physical 
adsorption and chemical adsorption. Reactions of this 
type have been calculated by models called adsorption 
isotherms. It should be remarked that these have 
been essentially developed for gas/solid systems.
2) Chemical Reaction: In which the species
adsorbed reacts either with other species on the 
surface or with each other.
3) Desorption: Products are desorbed from the 
surface, which gives the site further opportunity to 
adsorb fresh reactants.
e) Molecular Diffusion of the Soluble Reaction Products: 
In the same manner that the reactants arrive at the reaction 
surface, any solution product must also take the opposite 
route, with the same considerations of Pick's law of diffusion.
On the basis of the rate determining step, heterogeneous 
reactions are divided into three categories:
1) The rate of chemical reaction at the interface 
is much faster than the rate of transport of reactants to.
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or products from, the surface. The observed rate is therefore 
determined solely by the rate of the slowest transport process.
It is preferable to term these "transport-controlled" process 
rather than "diffusional-controlled", since mass-transfer occurs 
both by diffusion and by convection.
2) The rate of chemical reaction at the interface is much 
slower than the rate of either of the transport process, and 
hence determines the observed rate. This process is termed as 
"chemical control reaction".
3) Both rates are of comparable magnitude, and the observed
rate is determined by some function of the two. These have been
termed reactions of intermediate type, mixed control and the like
In fact it is the general case where coupling between the various
processes are present. Since only the two limiting cases, 1) and
(23)2), are usually considered (see Dobrokhotov et al ) these will 
be discussed further.
3.6 Transport - Control
In such a situation, the chemical reaction between the solid 
and the ion would occur extremely rapid and the equilibrium 
would be obtained instantaneously. As a result, the concen­
tration of ion, say at the interface would be close to the 
equilibrium value (if the reaction is irreversible, this value
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is approximately zero). Therefore, further reaction can take 
place at a rate at which the consumed species would be re­
plenished from the bulk of the solution. In other words, the 
reaction rate would be controlled by the transport of ions to 
the interface.
For a reaction controlled by convection or molecular diffusion, 
any mathematical treatment should be aimed at the developing 
expression of the mass flux. Such equations are obtained 
from a knowledge of the fluid flow or the hydrodynamics of 
thë geometry concern.
Levich(35) solved the transport equations for the case of
rotating disc geometry. The solution for the final mass- 
flux equation is given by (the concentration of the diffusing 
species at the surface assumed to be zero):
j = 0.62 D2/3^-l/6^^i ^ 3.27
where j = the mass flux (ML )̂
D = the diffusivity (L^t )̂
V = the kinematic viscosity (L^t )̂
w = the angular velocity of the disc (t )̂
C = the mass concentration of the diffusing species (ML
and the diffusion boundary layer (the region over which concen­
tration changes are considered to occur) is given by;
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6 = 1.61 (D/v)^/3 (v/w)^ 3.28
This diffusion boundary layer (the region over which velocity 
changes are considered to occur) thickness is given also in 
terms of the hydrodynamic boundary layer thickness as :
6 = .5 (D/v)l/3 3.29
where 6 ̂ = 3.6(v/to)"^ 3.30
This solution is strictly applicable to a disc rotating in 
an'infinite environment only and under laminar flow conditions. 
Also, steady state is an assumption in the solution.
In principle the above equations can be used to predict 
reaction rates (j) when the process in transport controlled. 
Hence, this requires knowledge of the transport properties 
(D and v) of the system. Since these are not always readily 
available, it is usual to group these terms together and 
investigate the effect of rotational speed on the system and 
instead measure an effective "rate constant" which contains 
these parameters.
3.7 Chemical Control
For chemical control reactions, we have the conditions that the 
concentration of the solute is uniform throughout the fluid 
body. Using the definition for the heterogeneous chemical
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reaction rate then for a constant volume reaction
V ^^i= Â -dF 3.31
where V is the solution volume
A is the surface area on which the reaction is occurring
is the bulk concentration of the species i.
Heterogeneous chemical reactions may be subdivided into 
two categories - non-catalytic and catalytic. The following 
reaction which is pertinent to this thesis, will be used to 
demonstrate the manner in which these two cases are treated 
theoretically :
Ni'*"*' + H, = Ni + 2H"*" 3.32
(Sol)
Non-catalytic Heterogeneous Chemical Reaction; The approach 
is similar to the methods for homogeneous reaction and the 
following heterogeneous rate expression may be used if the 
reaction can be considered to be irreversible;
where C ,, and C„ are the concentrations of nickel ions and 
NÎ++ »2
hydrogen gas in solution respectively.
The objective is then to find the values of k, a, and b.
Should the reaction be elementary (i.e. equation 3.32 represents
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the actual kinetic mechanism) then a and b would both be 
equal to 1. In general, however, this is seldom true.
Catalytic Heterogeneous Chemical Reaction: If one extends the
theory of gas/solid catalysis to the case of liquid/solid 
system, then the reaction given by equation 3.32 can be 
visualized as occurring in the following steps:
whpre hydrogen is adsorbed onto the nickel surface,
2»(Ni)ads + " Ni + 2H|Ni)ads 3.35
where the adsorbed hydrogen reacts with the nickel ions to 
produce nickel metal and hydrogen ions. This reaction is in 
fact electrochemical in nature and involves an electron trans­
fer between two hydrogen atoms on the surface and the nickel 
ion. The simultaneous de-electronation of the two hydrogen 
atoms on the nickel surface and the electronation of the nickel 
ion (reduction) takes place in the solution within close 
proximity of the surface; the reduced nickel atom being deposited 
on the nickel surface. Finally, the hydrogen ions are desorbed 
off the surface according to:
^^NiCabs) 3.36
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This is the so called active-site theory and will be discussed 
further in the interpretation of the results.
In general three types of rate expressions can be written 
depending on whether adsorption, surface reaction, or desorption 
is rate controlling. Texts dealing with gas/solid catalysis 
include those by Smith^^^^ and Levinspiel . The expressions 
are obtained by now considering the surface concentration of the 
species in a manner similar to homogeneous systems. These
surface concentrations are then related to the bulk phase (gas)
(concentration by the adsorption isotherms. Again evaluation 
of unknown constants in the rate equations is the goal. This is 
accomplished by analysis of the experimental results. It should 
be mentioned that the description presented here on the 
catalytic behaviors are along the lines suggested by 
Dobrokhotov et al^^^^.
An important characteristic of chemical control reactions is 
their high sensitivity to temperature changes. This temperature 
response of the reaction mechanism is characterized by a high 
value of activation energy of the order of 10 to 15 Kcal-mol  ̂
for a purely chemical controlled process.
Also, chemically controlled heterogeneous reactions are 
extremely sensitive to the nature and the extent of the surface
54T 1591
available for the reaction. Once again, this is in contrast 
to a pure transport-controlled reaction.
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CHAPTER 4
EXPERIMENTAL APPARATUS AND PROCEDURE
The salient features of the apparatus used together with 
modification to standard equipment are covered in this 
chapter. The chemicals used and procedure followed are also 
reported here.
4.1 Apparatus
General. The reaction vessel consisted of a modified one 
liter - 316 stainless steel autoclave (Parr Instruments,
Model 4641). A one liter pyrex liner was provided in order 
to avoid contact of the solution with the walls of the auto­
clave. The unit was able to operate at pressures up to 
2000 psi and 300°C temperature.
Modifications in the head of the autoclave were made in order 
to eliminate the thermowell and replace it by a sensitive 1/16" 
Inconel sheated iron-constant (Omega Engineering, Inc.) ungrounded 
thermocouple coated with teflon and jacketed in a 1/16" i.d. 
teflon tubing in order to avoid possible reaction between the 
thermocouple sheath and the solution.
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A .025 bore, 1/16" o.d., 316 stainless steel tube was used 
as the sampling tube. The total length of the tube was 
approximately 2 feet and it was sealed through the autoclave 
head using a Swagelok fitting. A 316 stainless steel Nupro 
diaphram valve was located above the head (see Figure 4.3).
The hold-up of the sampling tube was measured and found to be 
approximately 1.0 ml. The heat transfer from the tube was 
adequate enough so that a flush and sample could be taken 
without the final solution being greater than 50-60*C.
The head was counter-bored in order to support a bearing 
housing (thrust-bearing and ball-bearings) which carries the 
shaft of the disc holder (see Figure 4.4). A stainless steel 
spring coupling was used to couple the standard drive shaft 
to the disc holder shaft; in this way the eccentricity was 
reduced to a minimum.
Heating of the autoclave was provided by a set of four heating 
elements (Watlow, 3.6 KW total rating) around an aluminum 
jacket of internal diameter equal to the outside diameter of 
the autoclave bomb. The aluminum jacket with heaters was 
assembled to the furnace shell and ends, the Fiberfax wool 
was used as insulation. A thermocouple was clamped to the 
heating elements and provided the sensor signal for the 
temperature controller. Temperature control was achieved by
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Leeds and Northrup Electromax III temperature controller with 
proportional, reset, rate, and approach actions.
The autoclave could be quenched (200°C to 60°C) using a 
water cooled copper jacket. Typical quench times were of 
the order of 20 minutes.
The drive to the disc holder was provided by a General- 
Electric DC Statrotol motor with a SCR motor controller 
modified by replacing the standard one-turn potentiometer
Iwith a ten-turn one.
The rotational speed of the shaft was measured with a General- 
Radio 1531-AB Strobotac. The motor had a speed range of 0 
to 1725 rpm.
Pre-purified hydrogen (99.95% purity) ^from a type E tank, 
regulated by a Matheson Model 2-350 regulator, was supplied 
to the autoclave. The pressure was measured with a Matheson 
63-561, 316 stainless steel bourdon tube pressure gage.
Valves were provided in the line for isolation and for 
flushing the system. All tube fittings were Swagelok and of 
316 stainless steel.
The temperature of the solution was continuously recorded on 
a Honeywell Electronik 194 potentiometric recorder. The
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range used was lOmV. and the thermocouple was provided with 
a 0®C cold junction. It was thus possible to measure the 
temperature of the solution to + .5°C. Zero suppression was 
used to measure thermocouple outputs in excess of lOmV.
Figure 4.1 shows a schematic diagram of the whole system, and 
Figure 4.2 is a photograph of the equipment. Figure 4.3 shows 
the autoclave with the bomb and furnace removed.
Disc-Holders and Discs. The early experiments were carried
out using a stainless-steel bell-shaped disc holder. The
difec holder and shaft were sprayed with teflon over the
region exposed to the solution. Experimental difficulties
with these holders led to the use of all-Teflon holders screwed
onto stainless-steel shafts. The final holder used was of
Teflon and of conical shape; the choice of this shape was
(38)influenced by the work of Blurton and Riddiford . The 
discs were made from commercially pure nickel rod, 1/2" diameter 
and approximately 1/8" thick. They were pressed into the 
Teflon coated stainless-steel holders and in the case of the 
all-Teflon holders were held in place by a small stainless- 
steel Allen cap-screw, which screwed into a threaded blind-hole 
in the back of the disc. Photographs of the disc holders and 
discs are shown in Figures 4.4 and 4.5 respectively.
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Figure 4.2. Photographie views of the equipment
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Figure 4.3. Close-up of autoclave head showing 
bearing housing with disc holder 
and shaft in place. Thermocouple 
is on the right and the sampling 
tube is on the left.
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Figure 4.5. Photographs of discs and nickel powder 
(a) (b) (d) - Reacted nickel disc
(c) - Unreacted nickel disc
(e) - Oxidized titanium disc
(f) - Nickel powder 
Refer to section 5.3.
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4.2 Materials
The synthetic solutions were prepared with reagent grade 
ammonium hydroxide (NH^OH) (DuPont), ammonium sulfate 
(NH^)2 SO^ and nickel sulfate (NiSO^) (Mallinckrodt). The 
conductivity of the distilled water was approximately 20ymho.
Titration of the free ammonia in the ammonium hydroxide was 
done using a one normal solution of hydrochloric acid with 
methyl-orange 1%, as an indicator.
The discs were of commercially pure nickel (nickel 200, 
supplied by INCO - 99.54Ni, .OlCu, ,04Si, .005S, .03Fe, .27Mn, 
and ,08C. Hydrogen used was high-purity (99.95% provided by 
NCG.
4.3 Procedure
The exposed surface of the disc was ground with silicon carbide 
abrasive paper from 1/0 to 4/0 grit. After this, a final 
polish was given with a one micron alumina oxide. The disc 
in this condition was treated electrochemically with one normal 
solution of sulfuric acid in order to eliminate any oxide re­
maining on the surface, the conditions were 1mA cathodically 
for about five minutes. The disc was then washed with distilled 
water and methyl-alcohol and either pressed into the holder 
or screwed into place.
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A volume of 400 cc of synthetic sample was poured into the 
pyrex liner, placed inside the autoclave, which was now 
assembled. The valves in the system were now closed and 
the system was heated to approximately 100®C. At this stage 
the sampling tube was flushed and a sample taken (volume of 
flush and sample, between 3 and 4 ml) and the hydrogen gas 
was admitted into the system at a total pressure close to the 
predetermined value for that run. During the course of the 
investigation it was discovered that the hydrogen dissolution 
was quite exothermic, and it was therefore necessary to start
Iadmitting hydrogen at a temperature lower than the actual 
value for a particular run. The working temperature was attained 
in approximately 30 to 45 minutes. During this time, and also 
during the actual run, samples (including flushing to eliminate 
the hold-up in the sampling tube) were continuously drawn out 
of the system at 10 to 15 minute intervals.
The samples, stoppered in 6 ml. flint vials, were allowed 
to cool and the pH measured using a Beckman Zeromatic II.
They were then diluted within a range of lower than 5 parts 
per million (linear calibrated region of absorption versus 
concentration) and analyzed for nickel on a Perkin-Elmer 107 
AA Spectrophotometer. The samples were diluted in a 
10 to 1 ratio with a solution of 5% hydrochloric acid (using a 
Fisher Model 250 diluter) in order to avoid interference with 
sulfate ions which were always present in the solution. These 
analyses were carried out after the completion of the run.
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At the end of each run, the disc holder and liner were washed 
with a concentrated solution of nitric acid in order to dissolve 
any traces of nickel that might be remaining on the glass. The 
same solution was used to wash the tips of the sampling tube 
and thermocouple. After the nitric acid wash, the liner was 
thoroughly rinsed with distilled water, followed by a final 
methyl alcohol rinse. A rinse with the run-solution pre- 




The results presented here covers both the experimental 
investigation as well as theoretical attempts at predicting 
the experimental results obtained. The experimental investi­
gation covered numerous preliminary runs not reported here. 
Problems were first encountered with the Teflon coated 
stainless steel disc holders, in that nickel precipitated 
on the Teflon coating. Similar behavior was obtained with 
an oxidized titanium disc holder. Microscopic examination 
showed that the coating was in fact porous and nickel precipi­
tation initiated at these points on the holder. The final 
disc holder of pure Teflon was successful in eliminating 
this problem. No appreciable deposit was obtained on the 
glass liner nor the thermocouple sheath and sampling tube. 
Reproducibility of the results were tested by repeating several 
runs at random.
5.1 Precipitation Rate Curves
Typical reduction curves, depicting the amount of nickel 
remaining in solution as a function of time are shown in 
Figure 5.1 to 5.6, and were obtained using synthetic solutions
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in which the amount of nickel was fixed at .01 M. The ordi­
nate represents the concentration of total nickel (in all forms) 
remaining in solution, expressed as parts per million, the 
abscissa represents time measured from the instant the hydrogen 
was admitted.
The plots are seen to be quite different as far as disc, disc 
preparation, and procedure were concerned. Except for the 
discs of surface oxidized titanium and the nickel discs thermally 
treated in hydrogen atmosphere, a characteristic plateau is 
observed during the precipitation. In general the reduction 
appears to be linear with time. The presence of the plateau 
will be discussed in the section (5.2) which follows. In 
most experiments, reduction proceeded almost to completion, 
the final concentration of nickel being less than 75 ppm.
5.2 Effect of Disc and Disc Preparation
These effects should be considered separately, due to the 
fact that in some instances discs of material other than nickel 
were used (electrolytically oxidized titanium). Furthermore 
the nickel discs themselves were exposed to different treat­
ments (hydrogen atmosphere at high temperatures, electro­
chemical hydrogen treated, and no treatment at all). In some 
cases the discs were kept stationary until the working temp­
erature was reached, and in other cases the disc was rotating 
throughout the run.
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In Figure 5.1 the reduction curves for a number of cases 
are shown. Table 5.1 gives the legend for all runs carried 
out. The only feature to which attention will be drawn, is 
the absence of a plateau region for the oxidized titanium 
disc (run TiOl).
Oxidized Titanium Discs: Figure 5.2 shows the reduction curves
for the oxidized titanium discs, as well as the temperature 
and pH history during the runs. These particular discs were 
oxidized electrochemically in order to provide a very inert 
film of oxide (rutile) over the surface. It can be seen that 
the average rate of the reaction varies linearly with time for 
both of the cases considered. Also., no effects on rate of 
reaction are observed as the rotational speed is increased.
This is clear evidence of a chemical-controlled reaction of 
zero order with respect to total nickel concentration. The 
average reaction rate, for the cases shown in Figure 5.2, has 
a value of 9.6 x 10 ^ mol-liter ^-minute ^. It can be seen that 
there is a sudden drop in pH, after the total nickel concetration 
in solution falls below 400 ppm.
Nickel Discs Treated in Hydrogen Atmosphere: The results
are shown in Figure 5.3. The behavior v;as somewhat similar 
to that for the oxidized titanium discs, except that they
show a tendency to fall off towards the end of the reduction.






W < M 




g ̂  
%H en PU
0 0 0 0 X 0 0 0 0 0  o o o o
o o x x o o o o o o  o o o o
O O O O O X X X X X  X X X X
x x o o o o o o o o  o o o o
X X X X
en ^ X X X X o o o X X o X X X X
<
H
PU •H •H •H •H •rH •H •H •H •rM -H •H •H •H •H
X 13 % EH Eh % s Î3 % ;z % g : %
Eh
S O O o . o o o o o &" o o o o O
Pi o O o o o o o o o o o o o o





Q) (d 1 o
h l 4J o o o o o in o m in o o  in o o o
O in m m in lO CM in CM CM in o  ^ o CM LO




O in in m in in m in in in o  en 00 in lO
o CM CM CM CM CM CM CM CM CM CM M  CM 00 o CM1—1 Eh CM CM CM CM CM CM CM CM CM CM rH rH CM CM
in
O) O rH CM en
1—1 =#= 1—1 CM CM in VD 00 rH rH rH 1—1A W tu 1—1 CM Eh K X X X X X X X
rd Eh EH o o % w W w w H w w w H





rH eu0 Üiü 0 C
•H g 06 en
0 0 0Æ pü G uO 0 X1 P en Xi-P 0ü P rH
0 D 0<D rH X ü0 0 Xî •HC 13 g
•H 0) 13 c 0-P +» 0 •H 43
G Q (d N ü
0 S 0 •H u 0U H U 13 0 pÜ -P •H +> 4J
rH M X 0 ü
• -P 0 0 0im 0 p rH
G g 4J 00) 3
rH rH •H rH rHA 0 G 0 0(d 0 MB ü 4-» ü ü
•H •iH . -H •HB % 53 M
0  O+ + f t X g
B ffi W t +% O B H






Temp = 225°C 











Figure 5.1. Typical reduction curves obtained under different conditions.
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Figure 5.3 Precipitation rate curves for nickel 
dises treated in hydrogen atmosphere.
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Nickel Discs —  Electrochemically Hydrogen Treated and No 
Treatment: The common feature of the reduction curves for
these discs is the plateau region, mentioned previously, which 
occurred when the system reached the preset temperature for 
a particular run. The curves for the treated discs are shown 
in Figure 5.4. The behavior is the same for all the runs 
shown except that run NIEH4 was carried out with the disc 
stationary during the initial period. It is noted that the 
curves for 100 and 600 rpm have approximately the same rates 
during the primary and secondary reduction periods. The primary
Ireduction rate is much higher for the case when the disc was 
stationary and is explained by the fact that the deposit tended 
to cover the entire disc surface when the disc was kept station­
ary. The surface area on which the reaction was occurring was 
therefore greater.
Figure 5.5 shows the effect of the electrochemical hydrogen 
treatment of the disc on the primary reduction rate for the 
case when the disc is kept stationary. It can be seen that 
basically there is very little difference. It should be 
mentioned that the untreated disc was not highly polished 
using alumina as was the case prior to the electrochemical 
treatment for the treated discs.
The morphology of the deposit can be observed by the photo­
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Figure 5.5. Precipitation rate curves for nickel 
dises under different conditions of 
surface preparation.
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treated in hydrogen atmosphere and a uniform deposit was 
obtained. The nickel disc (b) was electrochemically hydrogen 
treated and run at a high RPM; the flow pattern of the solution 
can be seen on the disc with considerable bare spots. It 
should be pointed out that there were some discs with even 
larger areas of deposit-free surface. An untreated disc 
prior to electrochemical treatment is shown in (c); the 
surface was, of course, mirror like and the black color is 
only because of the lighting used for the photograph. In 
(d) another electrochemically treated nickel disc is shown 
which was run at a lower RPM than (b). The oxidized titanium 
disc with its foil like deposit peeled off is shown in (e). 
Powder collected on the bottom of the liner is shown in (f).
The following explanation for the plateau region which 
occurred in the electrochemically treated nickel disc has 
been advanced. It appears to fit all the "clues" available.
The solution may become supersaturated with hydrogen as it is 
heated to the working temperature. Nucléation and growth of 
hydrogen gas on the surface of the disc could therefore occur 
when the solution temperature stabilizes. The gas bubbles 
thus formed can adhere to the surface and mask it from 
further reaction. This seems to be the only plausible explana­
tion when one considers the behavior observed with the oxidized 
titanium and thermally-treated-in-hydrogen-atmosphere discs (no 
plateau in the reduction curves). This would indicate that
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hydrogen gas is more easily nucleated on the electroc ^ically 
treated nickel disc. Once the supersaturation has bee.: 
"relieved" hydrogen gas will no longer be present on the 
surface and the reaction can now proceed again.
5.3 Effect of Rotational Speed
Within the rotational speed investigated (100-1600 RPM) 
there appeared to be little effect of the rotational speed 
on the reduction rate for runs carried out under identical 
conditions (other than rotational speed). In fact with the
i
disc stationary higher reduction rates were obtained due to 
the surface area taking part in the reaction as discussed in 
the previous section.
The effect of the rotational speed on the deposited surface 
taking part in the reaction may be pursued further at this 
stage. Referring once again to the photographs in Figure 4.5, 
it was observed that when the disc was rotated from the start 
of the run that the deposit was preferential and followed 
the hydrodynamic flow pattern of the solution. On the other 
hand, the deposit covered the entire surface when the disc 
was not rotated. This contrasting behavior was not observed 
with the thermally treated-in-hydrogen atmosphere nickel disc 
nor the oxidized titanium. Based on work reported on gas-solid 
c a t a l y s i s ^ , it appears that hydrogen gas is chemisorbed 
onto nickel, the process being unactivated. If one extends
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this to this system, it is quite possible that the same 
remarks are true. Thus, the reaction proceeds at a higher 
rate once all the active sites on the surface are in use. 
However, it would appear that the active sites are affected 
during the initial rotation of the disc which were treated 
electrochemically with hydrogen. Consequently, preferential 
lines of deposit are established on the surface. This 
phenomenon does not appear to occur on the thermally treated 
discs nor oxidized titanium. It might be that these surfaces 
have active sites which provide much larger interaction with 
the hydrogen adsorbed with the result that the hydrogen is 
more reactive.
After the plateau region had been passed, the rate of reduction 
is higher for the cases where the disc had been rotating through­
out the run. This may be explained by the fact that the deposit 
in the case of the preferentially deposited nickel grows 
dendritically into the solution and is sheared off by the 
rotation of the disc. These sheared-off deposits (powder) 
thereby provide additional nickel surface on which reduction 
may take place. This shearing action is not as severe when 
the nickel surface is completely covered with nickel as is the 
case for runs where the disc was stationary initially. Evidence 
for this postulate can be seen in Figure 4.5(b) where a disc 
which had been rotated continuously shows bare spots. In 
addition these runs also produced significant powder which 
collected on the bottom of the lines.
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5.4 Effect of Temperature
The effect of temperature plays an important role in the 
reduction of nickel in these ammoniacal systems. It was 
clearly evident from the thermodynamic considerations that 
the equilibria amongst the various species is strongly 
influenced by the temperature. Two types of temperature 
effects have been observed and will be considered separately.
Period Before Temperature Stabilization: It was discovered
during the very first runs with the system that hydrogen
< (
absorption from the gas phase into the solution proved to be 
a very exothermic process; a fact that has never been reported 
by any of the previous workers who have dealt with such systems 
Henry's Law Constant is an increasing function of temperature 
and its relationship is given by:
dLn He _ AH c -i
d(l/T) ” R
where T is the absolute temperature in ®K 
R is the gas constant
AH is the heat of absorption
He is the Henry's Law Constant for a particular gas
With the above equation and Henry's Law Constant for hydrogen
given by Pray, Schweickert and Minnich^^^^, it was found 
that the heat of absorption had a value (for dissolution in
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water) of -4.95 kcal-mol between 177°C and 225°C. This 
exothermic effect can be seen in Figure 5.6, where a photograph 
of the temperature record of one of the actual experiments 
(run # NIEHll) is shown. The point #2 on the graph indicates 
the point at which hydrogen gas was admitted to the system.
The increase in the temperature rise of the system is clearly 
observed. Confirmation was provided by carrying out an 
experiment using distilled water.
Because of the above mentioned phenomena, it was necessary to 
admit hydrogen into the autoclave, and consequently start 
reduction, before the preset temperature for that particular 
run was reached. As mentioned previously and oberved in 
Figures 5.1 to 5.4, the concentration varied linearly with 
increasing temperature, until the temperature reached the 
preset value. In the case of the electrochemically treated 
nickel disc the reaction then seemed to stop at this particular 
point for a period varying from twenty to forty minutes. After 
this plateau, the reaction continued again. In the runs in 
which the temperature was kept at 200°C or below, several 
of these plateaus were evident. At higher temperatures only 
one plateau was detected. Interestingly enough, once the 
plateau region was passed the reaction procedure at the same 




Figure 5.6. Strip chart recording of solution 
temperature during run NIEHll.
T 1591 84
Period After Temperature Stabilization: Figure 5.7 shows three
runs done at different temperatures, the rate of reaction 
increased as the temperature was increased. The approximate 
rate for the runs at 205°C and 225®C were 3.85x10"^ mol-liter 
minute  ̂and 7.54 x 10 ^mol-liter ^-minute  ̂respectively. If 
these values are used to calculate an approximate activation 
energy for the reaction of a value of 8.0 Kcal-mol  ̂ is 
obtained.
Figure 5.8 shows a run (NIEHIO) in which reduction was 
started at a low temperature (170*C) and temperature increased 
continuously by stepping the temperature controller set point 
in increments of 10 deg. “C. It can be seen that the plateau 
is not as evident. An explanation for the plateau has already 
been discussed in the previous section
An Arrhenius type plot to determine the activation energy for 
the system was not attempted because of the difficulty in 
interpreting the results.
5.5 Effect of Hydrogen Partial. Pressure
In the system used for the present study there was significant 
coupling between the final temperature achieved for a given 
total pressure. This was partly due to the phenomenon of 
the heat of absorption associated with the hydrogen solution 
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Precipitation rate curves for nickel 
dises as temperature is varied.
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from within the autoclave. The partial pressures of hydrogen 
used in the series of runs carried out varied between 15 to 
160 psia. These values were estimated using the vapor pressure 
data for pure water.
No influence of partial pressure of hydrogen on the reaction 
rate could be detected. This may be so because the active- 
sites are completely saturated with hydrogen within the range 
of partial pressures used. It should be mentioned that the 
pressure regulator showed a tendency to drift during a run 
and correction had to be made continuously. It might have 
been possible to avoid this by having a small leak of hydrogen 
(to an extraction load) from the supply line.
Finally, in connection with the Arrhenius type plots mentioned 
in the last section, it is realized that the concentration 
(activity) of the hydrogen gas in solution should be kept 
constant as the temperature is varied, in order to be able 
to measure the activation energy for the reaction. This 
requires compensation for both the vapor pressure of the 
components other than hydrogen at the new temperature as well 
as the change in the Henry's Law Constant.
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Table 5.2 Average Reaction Rate
AVERAGE RATE











Table 5.3 Predicted and measured pH values with and without 
activity coefficients correction
[Ni^I] X lO^(m) 1 9 10
pH Predicted 8.17 8.00 7.90 7.83 7.77 7.74
pH Measured 8.18 8.18 8.20 8.19 8.19 8.19
pH Corrected
for Activity 8.31 8.15 8.05 7.97 7.91 7.88
Coefficient
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5.6 Prediction of System Behavior
It became apparent that in order to be able to describe 
the kinetic behavior of the system in terms of the mechanism 
which might be occurring, the equilibria between the species 
(other than hydrogen) in solution would have to be predicted 
at high temperature. The assumption would then be made that 
these reactions were fast. Investigators in the past have 
tried to postulate mechanisms based on the system equilibria 
at room temperature.
It was therefore decided to attempt prediction of the system 
behavior (species distribution) under conditions of hydrogen 
reduction. In essence this consisted of first of all pre­
dicting the species distribution of a solution of known 
composition. The reduction was then simulated by decreasing 
the nickel concentration while at the same time observing the 
conservation of the mass balance change in hydrogen ions in 
the system as a result of reduction as well as redistribution 
in the system. The effect was to keep the positive and 
negative charges constant in the solution thereby preserving its 
electroneutrality. The resulting equations are given in 
Appendix I. The derivatives of the relevant equations used 
in a Newton-Raphsom scheme for their solution is given in 
Appendix II. The programs, in BASIC, are given in Appendix III.
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pH Prediction at Room Temperature : In order to test the
equation proposed for describing the equilibria in the 
system, species distribution for a series of artificially 
prepared solutions was predicted. These solutions were 
prepared such that the ratio of NiSO^, to (NH^)SO^ was constant at 
4, and the ratio of ammonia from ammonium hydroxide^to nickel 
was also constant at 2. The total nickel concentration in 
the solution was then varied between .01 M and .OOIM. The 
effect of including an activity for hydrogen and ammonium ions 
other than unity (these species it was felt would be the ones 
most likely to be of importance^as also tested) . In particular 
the pH predicted for these solutions was compared with the 
measured values. The results are tabulated in Table 5.3 and 
shown graphically in Figure 5.9. It can be seen that the agree­
ment was not particularly good. The main discrepancy was that 
the prediction indicated that the pH should increase with 
decreasing total nickel concentration„.while the measured pH 
of the solutions prepared in fact were practically constant 
over the range of total nickel concentration in solutions 
tested.
Simulated Hydrogen Reduction at 25 and 200°C: The next
exercise consisted of carrying out hydrogen reduction of
ammoniacal solutions of composition similar to those reported
/ 8 )by Benson and Colvin as being used in plant practice.
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Figure 5.9. pH predicted and measured for concentrations 
between .01 M and .001 M.
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tration was 1 M and the ratio of ammonia (from ammonium 
hydroxide) to total nickel was 2.2 and 1.2. The results 
are tabulated in Tables 5.4 to 5.7 where the total nickel 
concentration is shown in column 1 and the corresponding 
nickel ion concentration is shown in column 2. The pH and 
the ratio of ammonia (free ammonia plus ammonia complexed) 
to total nickel are shown in columns 3 and 4 respectively.
The distribution of the other species has not been included 
in the tables. However, to aid in their determination. Figures 
5.12 to 5.16 were constructed, which represent the inverse 
of the plots given previously in Figures 3.2 to 3.6. These 
additional plots show the effect of complexing for a fixed 
ratio of ammonia (free ammonia plus ammonia complexed) to 
total nickel as a function of total nickel concentration.
The solution to the equations which describe the equilibria 
for these cases were also solved using a Newton-Raphsom 
technique.
Figures 5.10 and 5.11 show the information contained in 
Tables 5.4 to 5.7 in graphical form. In Figure 5.10 it can 
be seen that the nickel ions iii solution decrease as the 
total nickel decreases as a result of the reduction. At 
200®C the asymptotic approach (large fractions of nickel 
as nickel ions) to the total nickel line is evident. At 25°C 
the equilibria is such that the pH (see inset) is almost 








o Ni ^ 200°C
10' -3
. II
Figure 5.10 Nickel ion in solution as the total nickel 
decreases as a result of the reduction at 
25?C, 200°C for a ratio of airanonia-to-nickel 












Figure 5.11 Nickel ion in solution as the total nickel 
decreases as a result of the reduction at 
25®C and 200°C for an initial ammonia-to- 
nickel ratio of 1 .2 .
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Table 5.4 Values of Nickel Ions Concentration, pH, and
NHg^p^çj/Ni^^ Predicted as Reduction is Carried 
Out at 25*C and Initial Ratio of 1.2
1.0 0.205 6.15 1.2
0.8 0.228 5.98 l.P
0..6 0.277 5.65 0.66
0.55 0.297 5.57 0.545
0.50 0.323 5.39 0.40
0.45 0.357 5.09 0.222
0.40 0.399 3.04 2 .2 5.10"3
0.30 0.299 0.69 1 .0 1.10"^
-60.20 0.191 0.398 5.09-10 *
Initial Solution : NiSO^ = IM, NH3 = 1.2M, (NH^igSOj = ,
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Table 5.5 Values of Nickel Ions Concentration, pH, and 
NH3 ( F + c ) Predicted as Reduction is Carr 
Out at 25®C and Initial Ratio of 2.2
Nil: NÎ++ pH ^^3(F+C)/^^
1.0 2.39'10"2 6.708 2.2
0.8 1.69-10“^ 6.691 2.25
0.6 1.03-10"^ 6.694 2.33
0.5 5.21"10“^ 6.708 2.40
0.4 4.46-10“^ 6.737 2.50
0.3 2.16*10"^ 6.796 2.66
0.1 3.16*10“^ 7.21 4.0
0.04 6.64'10“’ 7.54 7.0
0.01 2.78-10"® 7.72 22.0
Initial Solution; NiSO^ = IM, NH3 = 2.2M, (NH^igSO^ =
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Table 5.6 Values of Nickel Ions Concentration, pH, and
.II Predicted as Reduction is Carried






































Initial Solution: NiSO^ = IM, NH^ = 1.2M, (NH^jgSO^ = 2Cl
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Table 5.7 Values of Nickel Ions Concentration, pH, and
NH3 ( F ^ C ) Predicted as Reduction is Carried 
Out at 200*C and Initial Ratio of 2.2
Nill Ni++ pH ^^3(F+C)/^^
1.0 0.114 4.74 2.2
0.8 0.102 4.64 2.25
0.5 8.04'10"2 4.51 2.4
0.1 3.00'10"2 4.22 4.0
0.05 1.76*10“^ 4.14 6.0
0.01 4.11'10“® 4.05 22.01
0.005 2 .1 0 -10"® 4.04 42.01
0.003 1.27-10"® 4.03 68.69
Initial Solution: NiSO^ = IM, NH3 = 2.2M, (NH^igSOj = 4M.
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Figure 5.12 Fraction of nickel present in each form for an
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Figure 5.13 Fraction of nickel present in each form for an
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Figure 5.14 Fraction of nickel present in each form for an
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Figure 5.15 Fraction of nickel present in each form for an











7.1 .3 .4 .8 .9.2 .5 .6 1.0
[Nill]
Figure 5.16 Fraction of nickel present in each form for an
ammonia-nickel ratio of 10:1, at 200°C.
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about 70% completed. However, at 200°C the pH is lower 
and there is a gradual decrease in pH as the reduction is 
taking place. The species distribution at 25®C was only 
included in order to be able to predict the pH of equivalent 
high temperature solutions at room temperature and of course 
is not intended to mean that reduction can occur at this 
temperature. It is also noted that in Figure 5.10 the 
Ni^^ ratio increases drastically once the reduction is about 
80% completed. The interesting feature is that this behavior 
is the same (within the accuracy of the calculations) regardless 
of the temperature.
In Figure 5.11 it can be seen that at the lower value of the 
ratio of ammonia (from ammonium hydroxide) to total nickel 
(1.2) the behavior is very different. At both temperatures 
the nickel ion concentration increases up to a point where 
the reduction is about 60% completed when the curves join 
the total nickel line (indicating that no nickel is complexed). 
At 200®C the nickel ion concentration is higher than for 
the 25°C up to the point where the two join the total nickel 
line. The interesting feature’is that for both cases the point 
at which practically no complexing occurs is the same (60% 
reduction). In the inset can be seen the variation of pH.
At both temperatures the pH decreases drastically once
60% of the nickel has been reduced. The pH at 2 0 0 is lower
than at 25°C, the two curves becoming asymptotic for reduction
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greater than 70%). As for the previous case, the 
Ni^^ ratio is identical at both temperatures.
The differences in the behavior between the predictions 
obtained for the two systems may be summarized as follows:
a) The nickel ions start off higher in the case 
of the low ratio (1.2) system.
b) The nickel ions decrease continuously as re­
duction occurs in the high ratio (2.2) system 
whereas for the low ratio system it starts off 
lower but increases up to a certain point over­
hauling the higher ratio system.
c) The pH decreases at both temperatures investigated, 
in the low ratio system.
d) The pH at 25®C increases as reduction proceeds 
in the 2.2 .ratio system while at 200*C there is 
a gradual decrease in pH.
The behavior of the pH at 25®C for the two systems has been 
suggested by several authors
Simulation of Hydrogen Reduction Under Conditions Used in This 
Investigation: The species distribution for the conditions
used in the experimental part of this thesis was now predicted. 
The results are shown in Figure 5.17 where the variation of 
nickel ion concentration at 200°C is plotted together with 











0 Predicted [Ni ] at 
200*C
















Variation of nickel ion concentration at 
200®C as reduction proceeds
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occurs and all the nickel is present as nickel ions. The 
pH decreases from a value of about 7.7 to 7.0 when the 
reduction is about 90% complete. Although the trend is the 
same as observed experimentally, the change in pH is very 
much smaller than that observed. Also the starting pH of
the solution predicted is lower than the values measured. As a
word of caution, it is worth pointing out that solutions of 
a certain nickel, total ammonium and sulphate concentration 
which are produced by hydrogen reduction do not have the 
same chemical characteristics.as similar solutions prepared 
from neutral salts. This is of course due to the hydrogen ions
produced by the reduction and the fact that the positive
(or negative) charges in the system remain constant. Thus, 
it is impossible to "pick up" the reduction from some point 
during the reduction by starting with an artificial solution 
with the same total nickel, total ammonium and total sulphate 
concentration (the pH obviously will not be the same).
Equilibria Applied to Kinetic Behavior: The major objective
of becoming familiar with the species equilibria of the system 
was to be able to apply the findings to the interpretation of 
the kinetic behavior of the experimental system. The equilibrium 
constant for the overall reaction:
Ni++ + Hg + Ni + 2H*̂
is practically independent of temperature.
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A mechanism for the reaction based on an active-site theory 
has been given in Chapter 3. However the equilibria predicted 
in Figure 5.17, does not allow an interpretation of the 
experimental results obtained. In order for the reduction 
rate to be constant, the nickel ion concentration in the 
solution should remain constant. This would mean that either 
the mechanism proposed is incorrect or that the prediction 
is not accurate. The latter is suspect at the moment.
The proposed mechanism that the hydrogen in solution saturates 
the active sites appears to be reasonable, since no effect of 
hydrogen partial pressure on the rate of the reaction could be 
discerned. Also, this is in line with the low activation 
energy, determined rather roughly, if one assumes that the 
chemisorption of hydrogen ion liquid/solid systems will be 




6.1 Discussion and Summary
Due to the complexity of the system, the kinetics results 
do not permit detailed conclusions to be drawn concerning 
the mechanism of the precipitation reaction, or the order 
of the reaction. However, there seems to be a linear relation­
ship between concentration of total nickel in solution and time, 
with an approximate estimate of the activation energy for the 
reaction of the order of 8 Kcal-mol The high activation
energy of the reaction indicates that the reaction is chemical 
control. The disc preparation and the resulting deposit 
morphology plays an important role in the reaction rate. At 
200®C the specific heterogeneous reaction rate (the nickel
disc was approximately 1 cm?) is approximated 10 ^-mol-liter 
-1 -2minute -cm for the electrochemical-hydrogen-treated disc.
As long as some catalytic surface and hydrogen are 
present, the reaction seems to proceed to almost completion. 
However, it appears from the results obtained in this investi­
gation that for any practical application the optimum temperature 
range lies above 200°C, and the optimum pressure range is
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between 100 and 200 psi. The uses of higher partial pressures 
of hydrogen suggested by several authors seems unjustified be­
cause the finite active sites on the system will become 
saturated with hydrogen at much lower pressures.
Rotational speed proved to have no effect on the rate of 
the reaction, on the other hand material and surface pre­
paration of the discs showed characteristic precipitation 
rate curves for each case. Nucléation and growth of hydrogen 
from the initially supersaturated solution seems to be 
responsible for the plateau appearing in the rate curves 
of nickel discs treated electrochemically.
Perhaps the most important contribution of the present 
work was the prediction of the species equilibrium behavior 
at high temperatures with and without hydrogen reduction. 
Previous workers have tried to relate room temperature data 
to behavior at high temperatures. The behavior of the system 
to changes in the experiments has been neglected.
The system is unique for each initial composition, a fact 
that has made the system impossible to generalize.
The room temperature predictions were attended so that it would 
be possible to relate the pH of samples taken from the auto­
clave and measured at room temperature. The trials with 
artificial solutions were not successful, however. The 
discrepancies could be due to the values of the equilibrium
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constants calculated with 2 M ammonium nitrate as electrolyte 
or to the fact that activity coefficients for complex species 
were not taken into account due to the non-availability of 
this data. Although, it is realized that values obtained in 
the theoretical aspects of the present work with relation 
to reduction at high temperatures may not represent the 
real values a priori under the conditions at which they 
were applied.
It is believed that they nevertheless show the right trends 
of the process. It is also plausible that hydrogen reduction 
of nickel occurs by the reaction of just nickel ions, with 
the hydrogen adsorbed onto the catalytic surface. Measurement 
of pH at high pressures and temperatures should shed some 
light on the matter.
6.2 Suggestions for Future Work
It is evident from this study that there are several aspects 
of this work which warrant further investigation. It is 
the author's belief that these should be studied first as 
individual topics. The most important area is probably that 
of the species equilibrium distribution, since it is only 
by being able to predict this can any conclusions be drawn on 
the kinetic mechanism. As mentioned previously, the use 
of a high temperature pH electrode should help provide some 
answers. The adsorption of the species (especially hydrogen)
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on the nickel surface is another area also of importance. 
In this connection it might be worthwhile to study the 
reduction under acidic conditions without ammonia, perhaps 




The equations which have to be solved simultaneously are
[NH4+] Kq [NH3] [H+] AI-1
[NilNHg)**] Ki[Ni++] [NH3] AI-2
[Ni(NHg)2 + ] = K2 [Ni++] [NH3]2 AI-3
[Ni(NH3)g+] = K3 [NÎ++] [NH3] ̂ AI-4
[NitNHg)**] = [Ni++][NH3]4 AI-5
= Kg[Ni++] AI-6
[NitNHgig + l = Kg[Ni++] [NH3]® AI-7
Also, the mass balances 
electroneutrality of the 
are as follows :
in ammonia and nickel, as well 




Yg = Yi + ^̂ 2 + Y, + Y, + Y; + + ?7 AI-8
where represents the nickel ions concentration, to 
Yg are the concentrations of each of the ammines respectively, 
and Yg is the total nickel in the system.
• . ■ ■ C' ' ^  ■
For Commonium i—
AI-9
A o  = + 2Ï2 + 3Y3 + 4Y^ + 5Y5 + 6Yg + Yg + Y34
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where Yg is equal to the concentration of free ammonia in 
the system, Y^^ is the concentration of ammonium only, 
and Y t « is the ammonî St-.lU /\
The electroneutrality equation is :
2 ^ 2  + %  = ?11 + ^14 + 2[Yi + + Y, +
Yj + Yg + Yg + Y^] AI-10
where Y ^̂ 2 and Y^^ are the concentrations of sulphate and 
hydrogen ions respectively and Kw is the equilibrium constant 
for water.
Equation AI-1 to AI-9 can be reduced to three equations and 
three unknowns:
= X^[l+ KiK2%2^ + " • • • ”
Yg = 0 AI-11
Fg = XgEl+K^Xgj+XlfKiXg+KlKgXg^t. . . .+
K3K2K3K4K5K6X2®] - Y3Q = 0 Ai-12
X
F3 = [1 + K^Xg] + X^[1 + K^Xg + KiK2%2^ + . . . . +
K^K2KgK^K^KgX2 ]̂ - Kw/2Xg - Y^2 = 0 AI-13
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where
=2  Yg = [NHg] (Free Ammonia)
Simulated Hydrogen Reduction
For the case where the reduction scheme was carried out, the 
equation of electroneutrality was replaced by mass balance 
charge which accounted for the hydrogen ions produced as 
reduction proceeds, where two hydrogen ions are replaced
for each nickel removed.
>■
The additional equation is :
F^ = 2Yg + Yii + ^14 - Sg - S2 - 2.S^ = 0 AI-14
where the additional variable S^, and Sg represents the
original total nickel concentration in the solution, the
+original ammonium [NH^ ] and the original of the solution 
respectively.
Equation AI-14 as a function of the unknowns will take the 
form of ;




The following derivations are required for the Newton- 
Raphsom scheme:
3Fi - gll'l
33^ = 1 + K^K2+ + . . . . +  KiKzK^K^KgKgXg
C>? 2
3jf = %l[ + 2KlK2%2 + 3K1K2K3X2 +
GK.KgKgKjKgKgXg^] AII-2
9Fl
3X7 = 0 AII-3
^^2 2 6 
?3r  = Kl%2 + KlK2%2 + • • • • +  K1K2K3K4K5K6X2 AII-4
3F2 2
^  =  1  +  K 2 X 3  +  X 3 [ K 3  +  2 K 3 K 2 X 2  +  3 K 3 K 2 K 3 X 2  +






5xf = 1 + K3X2 + KiK2X2  ̂+ . . . . +  K1K2K3K4K5K6X2'1
9F3 X3K7 2





The partial derivations of F3 are now referred
AII-8
F
^  = 0 AII-9
^1
 ̂= K2X3 Aii-10
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APPENDIX III
10 REM******PROGRAM CALCULATES SPECIES DISTRIBUTION *************
20 DIM X(7),D(7,7),E(7,7),S(7,1),F(7,1),Y(25)
30 DATA 3 * ****** NUMBER OF EQUATIONS ****************
40 DATA IE-4,lE-4,lE-8 ***GUESS CNI++3,CNH33FREE, CH+3 ****
50 DATA 2.84,2.29,1.78,1.24,.79,.07,9.25,-14 ' EQ. CONSTANTS ******
60 K9=l ̂  --




120 MAT E= ZER(N,N)
130 MAT S=ZER(N,1)
140 FOR 1= 1 TO N 
150 READ XCI)
160 NEXT I 
170 D(l,3)=0
180 FOR I» 1 TO 8 
190 READ KCI)
200 K<I)=10t<K(I>)
210 NEXT I220 READ Y(9),Y(10),Y(12)
230 K1=0




280 FOR 1= 1 TO 6 
290 A=A*K(I)*X(2)
300 F(1,1)=F(1,1)+A 





















510 REM *********************MATRIX OPERATION **************
520 FOR 1= 1 TO N 
530 F(I,1)=-F(I,1)
540 NEXT I
550 MAT E= INV(D)
560 MAT S= E*F
570 REM *********************UPDATED VALUES ****************
580 J1=0
590 FOR 1= 1 TO N 
600 Y=X(I)
610 X(I)=X(I)+S(I,1)
620 IF A6S((X(I)-Y)/X(I))<lE-4 THEN 640 
630 J1=J1+1 640 NEXT I
650 REM***************************************************************
660 IF Kl= 50 THEN 700670 IF J1=0 THEN 700
680 GO TO 250
690 GO TO 250
700 A= 1
710 FOR 1= 1 TO 6 
720 A= A*K(I)*X(2)









830 PRINT" AMMINES ROWS 1 TO 6,NICKEL I0NS-7,FREE AMMONIA- 8"
840 PRINT" TOTAL NICKEL-9,TOTAL AMMONIUM-10,PH-11,TOTALSULPHATE-12"
850 PRINT" AMMONIA FREE+COMPLEXED-13, AMMONIUM ONLY -14"
860 PRINT" POSITIVE AND NEGATIVE CHARGES - 15,16"









950 FOR 1= 1 TO 19 
960 PRINT i;Y(I)
970 NEXT I
980 REM***********CHARGE AND MASS BALANCES CHECK***************** 990 PRINT 
1000 PRINT
1010 IF Jl= 0 THEN 1030




10 REM ****** PROGRAM SIMULATES HYDROGEN REDUCTION ***********
20 DIM X(7),D(7,7),E(7,7),SC7,1),F(7,1),Y(25)
30 DATA 3 • ******* NUMBER OF EQUATIONS *****************
40 DATA lE-3,1.7E-l,lE-5 •** GUESS CNI++3,CNH33FREE,CH+3****
50 DATA .68,.25,-.43,-.63,-1.01,-2.02,5.5,-11.19 * EQ. CONST. 200 C**
60 K9=l
70 Pl=l
80 DATA .0008,.1791, .08957 • ** CNI T0T3,CNH4 T0T3,CS04 T0T3 ***




130 MAT E= ZER(N,N)
140 MAT S=ZER(N,1)









240 READ S1,S2,S3 ****** VALUES FOR ACCOUNT. ELECTRONEUTRALITY**
250 S3=10i(-S3)
260 “





















480 F (2,l)=X(2)*(1+K(7)*P1*X(3)/K9)+F(2,1)*X(I)-Y(IO)490 D(2,3)=K(7)*P1*X(2)/K9
500 F (3,1)=2*Y(9)+X(3)+K(7)*P1/K9*X(2)*X(3)-S3-S2-2*S1 510 D(3,l)=0
520 D(3,2)=K(7)*P1/K9*X(3)
530 D(3,3)=1+K(7)*P1/K9*X(2)
540 REM ****************** MATRIX OPERATION**************
550 FOR 1= 1 TO N 
560 F(I,1)=-F(I,1)
570 NEXT I
580 MÂT E= INVCD)
590 MAT S= E*F
600 REM **************** UPDATED VALUES *********************
610 J1=0
620 FOR 1= 1 TO N 
630 Y=X(I)
640 X(I)=X(I)+S(I,1)
650 IF ABSCCXCI)-Y)/X(I>)<lE-4 THEN 670 
660 J1=J1+1 
670 NEXT I680 REM ***********************************************************
690 IF Kl= 50 THEN 720
700 IF J1=0 THEN 720
710 GO TO 280720 A= 1
730 FOR 1= 1 TO 6
740 A= A*K(I)*X(2)
750 Y(I)=A*X(1)









850 PRINT" AMMINES ROWS 1 TO 6, NICKEL IONS -7,FREE AMMONIA -8"
860 PRINT" TOTAL NICKEL -9,TOTAL AMMONIUM -10,PH -11 "
870 PRINT" TOTAL SULPHATE -12, AMMONIA FREE + COMPLEXED -13"
880 PRINT" AMMONIUM ONLY -14, POSITIVE AND NEGATIVE CHARGES -15,16"
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890 PRINT" MASS BALANCE CHECK ON NICKEL & AMMONIA -17,18"








980 FOR 1= 1 TO 20 
990 PRINT i; Y(I)
1000 NEXT I





1070 IF Jl= 0 THEN 1090
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